Abstract-An investigation into a novel extrinsic PMMA (poly methyl methacrylate) plastic optical fibre sensor to monitor low doses of ionising radiation, in real time, for radiotherapy applications is presented. The concept of the optical fibre sensor is that it measures the ionising radiation energy from a radiation source and converts that measured energy into an optical signal, which travels through the fibre optic cable to a distal fluorescent mini spectrometer, where the intensity of the peak wavelength of the fluorescent light is monitored. This newly developed sensor shows excellent response and repeatability of measurement upon excitation from a calibrated X-ray source. The work reported here is through collaboration between the University of Limerick and the National Institute for Lasers, Plasma and Radiation Physics, Magurele in Romania.
INTRODUCTION
The measurement of radiation (radiation dosimetry) plays an essential role in ensuring safe operating and working conditions across many industries. In radiotherapy applications, both recipients and operators of ionising radiation, in ionising radiation affected environments, must be confident they are safe in this environment. The novel scintillating X-ray radiation optical fibre sensor presented in this paper provides real-time dose measurements and offers numerous advantages over other sensors in terms of its low associated manufacturing costs, as well as its repeatability of measurement upon excitation from an X-ray source. Previous work carried out by O'Keeffe et al. [1] demonstrates the use of PMMA optical fibres as intrinsic sensors for monitoring high doses of gamma radiation for industrial and nuclear applications. Initial tests were carried out at the MD Anderson Cancer Centre in Orlando, Florida, to determine the sensitivity of PMMA optical fibres at low radiation doses [2] . It was demonstrated that while the PMMA optical fibres exhibited a quantifiable response to low doses of radiation (2 -12Gy), this sensitivity was found to be insufficient for low dose applications, such as radiotherapy and personal dosimetry. Commercially available organic scintillating materials coupled to the end of a plastic optical fibre have previously been demonstrated as a promising dosimeter for radiotherapy dosimeter [3, 4] . This project looks at directly coating the fibres with radiation sensitive scintillation material for improved sensitivity. Fig. 1 shows the equipment setup used in the work carried out by the University of Limerick and fig. 3 shows the equipment setup used in the work carried out by the National Institute for Lasers, Plasma and Radiation Physics in Magurele, Romania.The setup for the investigation into the novel radiation sensor can be broken up into three main areas. These are ( Fig.1): A. radiation sensor; B. radiation source; C. light measurement instrument.
II. EXPERIMENT SETUP

A. The Radiation sensor
The optical fibre sensor is constructed by coating the end of an exposed PMMA optical fibre, after the cladding was removed, with a specific radiation sensitive scintillating material. A number of different scintillating materials were sourced from Phosphor Technologies in the UK and used here in this work. They are GL47/N-C1 (CRT phosphor), UKL59N-R1 (X-ray phosphor), UKL63F-R1 (X-ray phosphor), and UKL65/F-R1(X-ray phosphor). These scintillating phosphor materials were mixed with an epoxy mix and injected into a cylindrical mould containing the exposed PMMA fibre optic cable and allowed to cure. The fabrication process is described in more detail by McCarthy et al [5] . The radiation sensitive scintillating material tip of the sensor fluoresces when exposed to ionising radiation. The resultant emitted low level fluorescent light penetrates the PMMA optical fibre (see Fig.  2 ) and propagates to a distal mini spectrometer where the intensity of the peak wavelength of the fluorescent light is measured. 
B. The Radiation sources
Two X-ray sources were used for testing. The first X-ray source is an X-Tek Orbita inspection system located in EMC data computer systems in Cork, Ireland. The ORBITA system is a broad-spectrum X-ray system and operates between 0 and 160kV, 0 -500µA.The second X-ray source, located and built at the National Institute for Lasers, Plasma and Radiation Physics in Magurele, Romania, is a combined 3-D X-Ray micro-tomograph and microbeamfluorescence system. Figure 3 . The Tomo-Analytic system a -the X-ray source; b -the X-ray lens; c -the collimator; d -the energy selective X-ray detector; emotorized XYZ translation stages; f -the extrinsic optical fiber sensor to be investigated.
The Tomo-Analytic system, is an X-ray fluorescence (XRF) and cone beam tomography (3D-CT) system for the noninvasive 3-D morphology and composition mapping, and it operates at 17.5 keV, X-ray source operates at high voltage U = 40 kV, and current I = 800 mA. A special polycapillary lens provides a focal spot size in a range from few tens to a few hundreds of micrometers. The focalisation of the exit beam is about 25 μm diameter. The entire equipment is controlled by a PC under Labview graphical programming environment. A XYZ automatic scanning of the investigated sample can be done also under PC control. An overall view of the instrument is given in fig. 3 .
C. The spectrometer
The QE65000-F is a Scientific-grade sensitive spectrometer used to detect and record low level light applications such as fluorescence. This spectrometer was used in testing by both facilities. The spectrometer plugs into a laptop which runs the Ocean Optics Spectra Suite spectrometer software. This software enables the user to monitor and record resultant spectra measurements from the tested optical fibre sensors.
III. RESULTS & FINDINGS
The phosphorus tip of the optical fiber sensor is subjected to X-ray irradiation and a radio luminescence signal generated in the tip is coupled through a plastic optical fiber (POF) to the QE65000-F scientific grade spectrometer. For this experiment, the spectrometer acquisition parameters were: integration time -20 s; average -1; box car -1. All the optical fiber sensors were tested and the radio-luminescence spectra were recorded. Two sample spectra, for UK63 and UK65, are illustrated in fig. 4 All four samples of phosphor scintillating material were investigated in both facilities. It was found that the emission spectra for all four samples could be replicated with good repeatability in the work carried out by both facilities.
A. Repeatability
The first result show ten repetitions of spectra from a UKL65 sample (see fig. 4 ). The figure shows excellent repeatability over the ten repetitions. Fig. 5 shows a magnified view of the major peak between 543nm and 546nm. The maximum variance of 3 intensity units was seen at 544nm. 
B. Characterisation of a UKL65 type sample
The sensor was also characterised over different values of a broadband X-ray energy, ranging from 0 to 140 keV, at 50 μA. Figure 8 shows the average intensity between the peak values of 542nm and 546nm as the X-ray energy increases. It can be seen that the initial response occurs at 45 keV, which continues linearly until 70 keV. At this point the sensitivity of the sensor to energy increases and continues to exhibit a linear response up to 140 keV. A spectrometer integration time of one second was used to acquire the results for the University of Limerick testing. By increasing the integration time a response to lower energy levels can be achieved.
C. XRF and Radio-luminescence testing
Apart from the spectral sensitivity tests, the sensors were investigated for the uniformity of their response over the tip area. For this investigation, each tip was scanned along a line parallel to its axis, and both the X-ray fluorescence and radio luminescence signals were recorded for each exposed location. Fig. 9 depicts the radio luminescence distribution of the UKL63 sensor at the two wavelengths where the excited phosphorus emits (λ = 615 nm and λ = 624 nm). The focused X-ray beam is scanned along the length of the detecting tip and the profile of the X-ray generated luminescence, as collected by the POSF, is plotted against the distance. Simultaneously with the radio luminescence data capture, the X-ray fluorescence is also recorded. The X-ray fluorescence spectra were acquired over 80 s. By combining the two measurements described above one can evaluate the uniformity of the phosphorus grains distribution along the tip length, as well as the distribution of the coupling efficiency of the optical signal to the guiding optical fiber (Fig. 10) . For the sensor with the GL47 phosphorus the uniformity of the X-ray fluorescence signal is very good over a length of about 500 μm from the tip free end, while it changed near the end towards the optical fiber. In addition, an x-ray radiography of the four investigated sensors was performed (Fig. 11) . The radiographies were done with the Nano-CT tomography facility, developed at the National Institute for Laser, Plasma and Radiation Physics. The instrument is based on the last generation Nano-focus Xray source. The source is operational in both micro-and nano-focus mode at a tube voltage up to 225 kV and a maximum power of 10-30 W. X-ray images can be acquired with an image intensifier (XII) for rapid non-destructive tests.
IV. CONCLUSIONS
An investigation into the use of a novel x-ray sensitive optical fibre sensor for monitoring low doses of ionising radiation, in real time, has been presented. The work presented here is a result of a joint co-operation between the University of Limerick, in Ireland and the National Institute for Lasers, Plasma and Radiation Physics, Magurele in Romania. A number of x-ray fibre optic sensors were made, using different phosphorus scintillating powders, using previously described methods by McCarthy et al [5] . Both facilities reported similar quantifiable intensity responses from the xray sensors. Work carried out by the University of Limerick on a UKL65 type fibre optic sensor showed measurable responses were obtained with energy levels as low as 45keV ionising x-ray radiation. Further work showed very good repeatability where we saw a maximum of 3.3% variance of the main response peak over the ten test iterations. It can be seen that the UKL65 type sensor is quantifiably reactive to different levels of low energy x-ray and a characterisation curve was achieved showing a linear response form 45keV to 140keV. Work carried out by National Institute for Lasers, Plasma and Radiation Physics, on a GL47, UKL63 and UKL65 type sensors showed measurable responses which matched expected emission responses of the scintillating phosphorus materials. Further work evaluated the uniformity of the phosphorus grains distribution along the sensor tip length. It was found that the uniformity of the X-ray fluorescence signal for the GL47 type sensor is very good over a length of about 500 μm from the tip free end. It has been shown from the work here that the sensor is an effective, low cost, quantifiable, low energy x-ray detector. It is intended to further this work to better characterise the sensor design and enhance its functionality as a valued solution to x-ray dosimetry applications, particularly in radiotherapy dosimetry.
